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Under visible-light irradiation, gold nanoparticles (Au NPs) supported by titania (TiO2 ) nanoﬁbers show excellent activity and 
high selectivity for both reduc- tive coupling of nitroaromatics to corresponding azobenzene or azoxylbenzene and selective 
oxidation of aromatic alcohols to corresponding aldehydes. The Au NPs act as active centers mainly due to their localized 
surface plasmon resonance (LSPR) effect. They can effectively couple the photonic energy and thermal energy to enhance 
reaction efﬁciency. Visible-light irradiation has more inﬂuence on the reduction than on the oxidation, lowering the activation 
energy by 24.7 kJ mol−1 and increasing the conversion rate by 88% for the reductive coupling, compared to merely 8.7 kJ mol−1 and 
46% for the oxidation. Furthermore, it is found that the conversion of nitroaromatics signiﬁcantly depends on the particle size 
and speciﬁc surface area of supported Au NPs; and the catalyst on TiO2(B) support outperforms that on anatase phase with 
preferable ability to activate oxygen. In contrast, for the selective oxidation, the effect of surface area is less prominent and Au 
NPs on anatase exhibit higher photo-catalytic activity than other TiO2 phases. The catalysts can be recovered efﬁciently because 
the Au NPs stably attach to TiO 2 supports by forming a well- matched coherent interface observed via high-resolution TEM. 
1. Introduction
Selective reduction and oxidation are fundamental processes of organic synthesis that produce many useful intermediates, like aromatic azo 
compounds and aldehyde.[1–6] With increasing attention on the energy consumption and environmental issues, photocatalytic processes for the 
synthesis of fi ne organic chemicals have attracted great interests in recent years. [7–9] However, two main challenges exist in such processes. 
One is to achieve high effi ciency and selectivity; this is an essential requirement to fi ne chemical production. Another challenge is to utilize 
visible light, which accounts for about 43% of the incoming solar energy. Therefore, it is meaningful to develop new photocatalysts with 
excellent per- formance for both selective reduction of nitroaromatics and oxidation of aromatic alcohols under visible light irradiation.  
Gold nanoparticles (Au NPs) can strongly absorb visible light due to local-ized surface plasmon resonance (LSPR) effect.
[10–13]
 LSPR arises
from the collective oscillation of conduction electrons in the NPs, which resonate with the electromagnetic ﬁeld of the incident light. 
[13,14] 
The
light absorption of these particles depends on their shape and size,
[15,16]
 which means that it is possible to manually design nano structures to
utilize the entire solar spectrum by manipulating these properties. In addition, the conduction electrons of Au NPs gain the irradiation energy, 
becoming excited energetic electrons at the NP surface. Compared with conventional semi-conductor photocatalysts, these energetic electrons 
on Au NP surface is desirable for activating molecules on the particles for chemical reactions. Furthermore, high reaction efﬁciency could be 
attained with Au NPs photocatalysts as the reaction rate increases with the operating temperature.
[17,18]
 Thus, these NPs could effectively
combine thermal energy with photon absorption to drive chemical reactions under visible light irradiation. Recently, our group and other 
researchers found the photocatalytic activity of Au NPs in these two typical reactions under visible light irradiation.
[10–13] 
TiO2 is a class of useful materials as supports due to its low toxicity and high chemical stability, 
[19–21]
 especially TiO2 nanoﬁbers. It has
large surface area to volume ratio, easily separated for reuse and particularly suitable for the transmission electron microscopy (TEM) study 
with the interface structure.
[22,23] 
The ability of the TiO 2 surface to adsorb and activate molecular oxygen, the oxidant in oxidation reactions,
profoundly depends on these crystal phases of the TiO 2 supports.[ 24 ] Hence, it is rational to hypothesize when different TiO2 crystal phases are 
used as supports in the Au NP photocatalysts, this ability may contribute to oxidation reactions but affect negatively to reductive reactions. This 
may also inﬂuence the contribution of Au NPs and visible light irradiation to the reaction efﬁciency. More importantly, visible light excites the 
conduction electrons of Au NPs directly, which may activate the reactant molecules on Au NPs surface for reactions. Therefore, the 
contribution of visible light to the reduction should be different from that to the oxidation reactions in which the oxidant comes from or is 
activated on the TiO 2 surface. Furthermore, it is important to ﬁnd the preferred orientation and interface information between Au NPs and 
different phases of TiO 2 nanoﬁber supports, since solid bonding of Au NPs to the support is essential for the operation life of the photocatalysts 
and for understanding the contribution of the support to reactant activation in reductive coupling and selective oxidation. This information will 
motivate the designation of suitable photocatalysts of supported metal NPs for ﬁne chemical synthesis.  
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2.    Result and Discussion  
In the present study, visible light was used as light source, and the photocatalytic test was conducted with Au NPs on different phases of TiO 2 
supports [TiO2 (B), TiO2(B) core with a shell of anatase-TiO2 (A@B), anatase-TiO2(A), and rutile-TiO2 (R)]. The XRD and Raman spectra of 
the prepared materials are provided in Figure S1 and S2 (Supporting Information). The photocatalytic test results are listed in Table 1 (Table 
S1 and S2, Supporting Information).  
Table 1. The photocatalytic activity of different photocatalysts for reductive coupling of nitrobenzene and oxidation of 4-methoxylbenzyl 
alcohol under visible-light irradiation.  
 
a)Selectivity of corresponding azobenzene and azoxylbenzene >99%; Selectivity of corresponding aldehydes >80%. TOF: Turnover frequency 
is calculated from conversion of the reactant and mole gold content. For the detailed reaction conditions, see Experimental Section.  
 
Figure 1.  UV–vis diffuse reﬂectance spectra of Au NPs photocatalysts on different substrates. 
 
The results demonstrate that Au NPs on TiO2 support are efﬁcient photocatalyst for both reductive coupling of various nitroaromatics and 
selective oxidation of aromatic alcohols under visible light irradiation. In comparison, no reaction was observed for nitroaromatics reduction in 
a blank experiment where TiO2 supports are used without Au NPs. For oxidation, Au NPs are also conﬁrmed as the active sites since the 
conversion measured using only TiO2 as photocatalysts is much lower than that using Au NPs on TiO 2. UV–Vis spectra of these samples in 
Figure 1 indicate that the supported Au NPs strongly absorb visible light irradiation. There is no adsorption of the light with a wavelength 
between 420 and 800 nm by the TiO2 supports used in the present study. The absorption peak in the visible light range observed from the 
samples of Au NPs on TiO 2 supports is attributed to the LSPR absorption of Au NPs. Evidently, the visible light absorption by Au NPs is a 
prerequisite for the photocatalytic activity.  
The speciﬁc surface area of Au NPs was estimated from the size distribution of Au NPs and the detailed calculation information is provided 
in Figure S3 (Supporting Information). We found that the speciﬁc surface area of the supported Au NPs is in accordance to the conversion 
order over the photocatalysts for reduction of nitroaromatics. The photocatalyst has larger speciﬁc surface area of the Au NPs exhibits higher 
conversion rate. Interestingly, higher intensity of the LSPR absorption does not result in higher conversion rate for the photocatalytic reduction. 
If we divide the conversion of nitroaromatics by the speciﬁc surface area of Au NPs on different supports, the conversion result is similar, as 
 
shown in Figure 2. The results imply that the Au NPs are the active centers for nitroaromatics reduction. The number of the active centers is 
primary factor inﬂuencing the reduction. In contrast, the performance of the catalysts for selective oxidation of aromatic alcohols does not 
follow the same trend against the speciﬁc surface area of the supported Au NPs. Instead, Au NPs on the supports with anatase surface [TiO2(A), 
P25, TiO2(A@B)] generally exhibit higher conversion than those on a support without the exposed anatase surface [TiO 2(B) and TiO 2(R)] 
(Figure 2). Anatase surface has a superior ability to adsorb and activate O2 molecules to TiO2(B) and rutile phase surfaces,[24] which can 
facilitate the oxidation reactions.  
 
Figure 2. The conversion of nitrobenzene, 4-methoxybenzyl alcohol per surface area of gold nanoparticles on different TiO2 supports. The comparison of other 
nitroaromatics and aromatic alcohols are provided in Figure S4 (Supporting Information).  
 
A superior property of Au NPs as photocatalysts is that the photocatalytic activity is higher at higher reaction temperature since Au NPs can 
couple photonic energy and thermal energy at the same time to drive reactions efﬁ ciently, which distinguishes them from semiconductor 
photocatalysts.[17,18] At a higher temperature, the conducting electrons of Au NPs will redistribute and the population of the electrons at high 
energy levels increases. Upon light irradiation, these thermally excited electrons can still gain further energy due to LSPR effect, being excited 
to even higher energy levels. Conduction electrons at higher energy levels have a greater ability to activate the reactant molecules adsorbed on 
the NP surface to overcome the activation barrier, inducing the reaction. If the catalytic active centers for the reactions were TiO2 rather than 
Au NPs, the reaction temperature has no substantial impact on the catalyst performance. Nitrobenzene reductive coupling and selective 
oxidation of 4-methoxyl benzylalcohol were examined at different reaction temperatures using the photocatalyst of Au NPs on TiO2(B) support. 
Thermometer was used to monitor the entire photocatalytic process and cooling or heating was used to maintain the temperature variation of the 
reaction system within ±5 °C. The results are summarized in Figure 3. The reaction rates coupling both the photonic and thermal effect 
increase with the elevation of reaction temperatures for both reactions. Notably, the reaction rate increased more under high irradiation intensity 
than that under low irradiation intensity with elevated temperature. Moreover, the reaction rates of nitrobenzene reduction increase faster than 
that of 4-methoxyl benzylalcohol oxidation, which further indicates that the Au NPs play a much more important role in the reductive coupling 
than in the selective oxidation. 
 
Figure 3. The inﬂuence of reaction temperature on the reaction rates of photocatalytic reductive coupling of a) nitrobenzene and b) 4-methoxybenzyl alcohol at 
various visible-light intensities. Au NPs on TiO2(B) was used as the photocatalyst under visible-light irradiation.  
 
Because the photocatalytic activity of the prepared samples varies with temperature, the apparent activation energy can be estimated by 
using the Arrhenius equation and the kinetics data of photocatalytic reactions conducted under various temperatures. The difference between 
the activation energies of the light-irradiated reaction and the same reaction carried out in the dark is an indicative of the contribution of 
irradiation toward reducing the apparent activation energy. The reaction kinetics of nitrobenzene and 4-methoxybenzyl alcohol at several tem-
peratures were then studied to derive the apparent activation energies (also called the energy barrier) of the reaction system under irradiation 
(photocatalytic reaction) and in the dark (thermal catalytic reaction). The calculation procedure of the apparent activation energies is given in 
Figure S5 and S6 (Supporting Information). For the reductive coupling, the activation energy is 51.1 kJ mol−1 under visible light and 75.8 kJ 
mol−1 in the dark. Therefore, the visible light irradiation on the Au NPs resulted in an activation energy reduction of 24.7 kJ mol−1 for this 
reaction as shown in Figure 4. For the selective oxidation, the activation energy under visible light is 54.7 kJ mol−1 and in the dark is 63.4 kJ 
mol−1. Thus, the visible light irradiation reduces the activation energy by 8.7 kJ mol−1. The fact that light irradiation reduces the activation 
energy demands implies that the photocatalytic process have a mechanism different from that of the process in the dark.  
 
 
Figure 4. The contribution of visible light to lowering the apparent activation energy of reductive coupling of nitrobenzene (left) is greater than that of selective 
oxidation of 4-methoxyl benzylalcohol (right).  
 
It is known that the nitrobenzene is activated on the Au NPs under light irradiation,[10] while the TiO2 surface is able to adsorb and activate 
molecular O2, which is favorable for oxidation.[24] Au NPs have much weaker ability to activate O2 compared with TiO2 surface.[25] Visible light 
irradiation has little contribution to O2 activation. Hence, it is rational that the reduction in activation energy of the oxidation, in which one of 
the reactant O2 is not activated on the Au NPs, is obviously lower than that of the reductive coupling in which the reactants are activated on the 
Au NPs. For the same reason, the inﬂ uence of the irradiation intensity (irradiance) on the reductive coupling is greater than that on the 
selective oxidation. Much higher photonic efﬁciency was observed for the reduction than oxidation as shown in Figure 5. There is a positive 
relationship between the intensity and reaction rate. The results clearly show an almost linear dependence. When the irradiance was increased 
from 0.15 to 0.29 W cm−2 and further to 0.43 W cm−2 with other conditions unchanged, the conversion rate of nitrobenzene increased from 40% 
to 63% and 88%, respectively. For the selective oxidation of 4-methoxybenzyl alcohol, when the irradiance was gradually increase from 0.1 to 
0.46 W cm−2 , the contribution of light for conversion rate is from 23% to 52% and further down to 59%. The light irradiation inﬂuences much 
more on the reductive coupling with a slope of 171 than on the selective oxidation reaction (slope 103). 
 
Figure 5. The increase of conversion with visible-light intensity for the reductive coupling of a) nitrobenzene and selective oxidation of b) 4-methoxybenzyl 
alcohol. The experiment for testing the contribution of thermal effect is conducted in the dark.  
The reductive coupling of nitrobenzene and selective oxidation of 4-methyoxybenzyl alcohol were also conducted under sunlight irradiation 
(using a solar simulator with the same intensity of the visible light we used). The photonic efﬁciency was 6.8% for reductive coupling and 1.2% 
for the selective oxidation (full details on calculating the photonic efﬁciency is provided in Supporting Information), which in comparison, is 
higher than those under visible light (5.0% for reduction, 0.5% for oxidation). These results highlight the potential to drive chemical reactions 
with sunlight, an inexhaustible and green energy source. 
Interestingly, a general order for the reductive coupling of nitroaromatics was found (more details in Table S1, Supporting Information):  
Au/TiO 2 ()B >Au/TiO 2 (A+B )>Au/TiO 2 (A@B ) 
Structurally, TiO2(A+B) and TiO 2(A@B) are the supports of mixed anatase and TiO2(B) phases and their phase composition is similar. 
TEM analysis of these two samples was shown in Figure 6. The TiO2 (A@B) nanoﬁbers contain a TiO2 (B) core which is covered by anatase 
nanocrystals,[ 26 ] while the exposed external surface of TiO2(A+B) nanoﬁbers are both TiO2(B) surface (major) and anatase (minor).[ 23 ] Hence, it 
appears the larger the fraction of the external surface of the TiO2 support is anatase phase, the lower the conversion of the reductive coupling 
achieved by the catalyst of the Au NPs supported on such a support. For instance, the conversions for Au NPs on TiO2 (A+B) support (B, 88% 
and anatase 12%) is 80% (Table 1), while the experimental conversion of Au/T(A@B) is much lower, 67%, as most of the external surface of 
TiO2(A@B) support is anatase phase. Compared with TiO 2(B) and rutile, the anatase surface has higher ability to activate oxygen, which 
possibly affects the reductive coupling negatively as shown in Table 1. These results indicate that the properties of the external surface of 
support have important inﬂuence on the photocatalysts’ performance, and one may optimize the performance by modifying the surface of the 
support. For instance, if we modify the TiO2 surface to inhibit the oxygen adsorption, higher performance should be observed. Then, TiO2(B) 
covered by N species [noted as TiO2(B)-N] was prepared by calcining H-titanate nanoﬁbers at 550 °C in ammonia gas ﬂow for 3 h. [ 27 ] Indeed, 
the Au NPs supported on TiO2(B)-N [noted as Au/T(B)-N] exhibits superior performance to other photocatalysts, with a nearly 100% of 
nitrobenzene conversion (as shown in Table S1, Supporting Information). 
 
Figure 6. a) TEM of TiO2(B) core with a shell of anatase-TiO2(A@B). b) TEM of mixed anatase and TiO2 (B) nanoﬁber-TiO2(A+B). The exposed external 
surface consist of both TiO2 (B) and anatase.  
It is also noted that anatase surface of the TiO2 support the photocatalyst of Au NPs on the support with anatase phase at the external 
surface, such as TiO2(A), P25, and TiO2(A@B) exhibit better catalytic conversion for selective oxidation of aromatic alcohols under visible 
light irradiation than those of Au NPs on rutile and TiO2(B) supports. For the selective oxidation, a key step is to adsorb and activate the 
oxidant, molecular O2. According to the results of the selective oxidation, the adsorption and activation of oxygen molecule should take place 
on the surface of the TiO2 support the photocatalysts. Therefore, the TiO 2 support can contribute positively to the photocatalyst performance 
for the selective oxidation. This also explains the observation that the contribution from the supported Au NPs in the oxidation is less than that 
in the reductive coupling (Figure 4). 
The interfaces between Au NPs and TiO2 nanoﬁber supports are of great importance for the properties of the photocatalysts, which were 
determined by using high resolution TEM (HRTEM). As shown in Figure 7, the planes between three TiO2 phases and Au NPs are well 
matched via the crystal planes that have the similar basal spacing. Hence, the NPs and ﬁbers can interlock tightly at the atomic level to form 
stable structure. For TiO2(R), the misﬁt between the two close-packed planes is less that 5% and the good parallel matching is [111]g//[110]r 
(Figure 7a), which is also observed by Haruta. [ 28–30 ] As also shown in panel A of Figure 7c, Au NPs are easier to deposit on the nanoﬁbers with 
larger quantity of defects, such as TiO2(B) nanoﬁbers. The preference for adhesion of Au NPs on oxygen defects has already been 
conﬁrmed. [ 31 ] From Figure 7b, it can be seen that nanocrystals anatase has an perfect exposure (100)a plane as supporting surface of Au NPs. 
Therefore, with consideration of perfect exposure plane (100)a, the deposition density of Au NPs on anatase should be less than that on TiO 
2(B). The high density of Au NPs or small inter-particle distance will result in coupled SPR absorption and the surface enhancement for Raman 
intensity. [ 32–34 ] This may the reason the higher performance of Au NPs on TiO2(B) for the reductive coupling of nitroaromatics. 
 
 
Figure 7. TEM analysis of gold nanoparticles supported on a)TiO2(R), b) TiO2(A) and c) TiO2(B) nanoﬁbers. g-gold nanoparticles, a-anatase, r-rutile. 
 
3.    Conclusion 
In summary, TiO 2 nanoﬁber-supported Au NPs could effectively couple the photonic energy from visible light and thermal energy to drive 
reductive coupling of nitroaromatics and selective oxidation of aromatic alcohols. We have also shown that the performance of these 
photocatlysts for the reduction depends on the properties of Au NPs, the same order as the particle size and surface area of Au NPs. The 
contributions of visible light irradiation, Au NPs and TiO2 supports to catalytic performance for two typical reactions are different. The 
reductive coupling of nitroaromatics prefer TiO2(B) as support, which is different from that TiO2(A) for oxidation of aromatic alcohols. It is 
also found that these synthetic reactions can be efﬁciently driven by sunlight at ambient temperatures. Moreover, preferred orientation and 
planar matching between Au NPs and TiO2 nanoﬁbers were observed. These ﬁndings provide useful information on designation of efﬁcient 
catalysts in supported metal NPs for ﬁne chemical synthesis. 
 
4.    Experimental Section 
 
Synthesis of Different Phases of TiO2 Supports: Supports of different TiO2 phases were prepared through various post treatments of hydrogen titanate ﬁbers 
(except P25 purchased from Chem Supply). The sodium titanate ﬁbers were obtained by a hydrothermal treatment of anatase particles (6 g) with 80 mL of 10 M 
NaOH solution, and the subsequent ion exchange with 0.1 M HCl solution yielded hydrogen titanate (H-titanate) ﬁbers. TiO 2(B) was obtained by calcining the 
hydrogen titanate ﬁbers at 723 K for 3 h. TiO 2(B)-anatase core–shell nanoﬁbers were prepared by a two-step treatment. First, outer anatase shell was formed 
through hydrothermal reaction of H-titanate with dilute (0.05 M) HNO3 solution for 18 h, as described in our previous study. Then, these samples were calcined at 
723 K for 3 h to convert the H2Ti3O7 phase to TiO2(B) while the outer anatase shell remained unchanged. The prepared sample was denoted as TiO2(A@B). By 
prolonging the hydrothermal reaction of H-titanate with dilute HNO3 solution to 62 h, we obtained pure anatase support [TiO2(A)]. For comparison, pure rutile 
support [TiO2(R)] was prepared by dispersing H-titanate into concentrated (2.65 M) HNO 3 solution and then hydrothermal reaction at 353 K for 72 h. Finally, 
TiO2 (A@B), TiO2(A), and TiO2(R) were calcined at 723 K for 3 h to keep the temperature of calcinations the same as TiO2(B). 
Au NPs Loading: Reduction methods were used to prepare the Au NPs supported on TiO2 supports of different phases. Typically, 2.5 g of support powder 
was dispersed into 100 mL of a designed concentration of HAuCl4 solution. 20 mL of 0.53 M lysine was then added under magnetic stirring and the suspension 
was stirred for 30 min. To this suspension, 10 mL of 0.35 M NaBH4 solution was added gradually. Then, 10 mL of 0.3 M hydrochloric acid was added and the 
mixture was aged for 24 h. Finally, the solid was separated, washed with deionized water and ethanol, and dried at 343 K. The Au NPs on TiO2 (B), TiO2(A@B), 
TiO2(A), TiO2(R), and P25 are, respectively, denoted as Au/T(B), Au/T(A@B), Au/T(A), Au/T(R), and Au/P25. 
Characterization: XRD patterns of the samples were recorded on a Philips PANalytical X’Pert PRO diffractometer using Cu Kα radiation (λ = 1.5418 Å) 
operating at 40 kV and 40 mA with a ﬁxed slit. To investigate the light absorption and emission behavior of the samples as well as their energy bandgap, the 
diffuse reﬂectance UV–Vis (DR-UV-vis) spectra of the samples were recorded on a Varian Cary 5000 spectrometer. The nitrogen sorption isotherms were 
measured by volumetric method on an automatic adsorption instrument (Micromeritics, Tristar 3000) at liquid nitrogen temperature (77 K). Speciﬁc surface area 
was calculated by the Brunauer–Emmett–Teller (BET) method from the data in a P/P0 range between 0.05 and 0.2. The gold content of the prepared catalysts was 
determined by energy disperse X-ray (EDX) spectrum technology using the attachment to a FEI Quanta 200 Environmental SEM. Transmission electron 
microscopy (TEM) study of the photocatalysts was carried out on Philips CM200 TEM with an accelerating voltage of 200 kV. 
 
Photocatalytic Activity Test—Selective Reduction of Nitroaromatics: Typically, 0.1 g synthesized catalyst was dispersed in 30 mL isopropanol (IPA). 3 mmol 
nitroaromatics and 3 mL 0.1 M KOH/IPA were then added. The ﬂask was then ﬁlled with argon for 1 min to eliminate the air. The suspension was illuminated 
with a 500 W Halogen lamp (as the light source) and the light intensity was measured to be 0.43 W cm
−2. Fans were used to keep the reaction temperature 
at 45 ± 2 °C. At given irradiation time intervals, 1 mL aliquots were collected and ﬁltered through a Millipore ﬁlter (pore size 0.45 µm) to remove the catalyst 
particulates. The ﬂask was ﬁlled with argon after collecting samples every time. The ﬁltrates were analyzed in a gas chromatography (GC, HP6890 Prometheus) 
to measure concentration change of nitroaromatics and products. GC-MS was used to analyze the products.  
Photocatalytic Activity Test—Selective Oxidation of Aromatic Alcohols: 0.2 mL aromatic alcohol was dissolved into 10 mL toluene and 0.1 g photocatalyst 
was added. The ﬂask was then ﬁlled with oxygen for 1 min to eliminate the air. After that, the mixture was illuminated with a 500 W Halogen lamp (0.46 W cm
−2) 
for 24 h. At given irradiation time intervals, liquid specimens were collected and tested with the same procedure described above.  
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